Small RNAs (sRNAs) play an ancient role in genome defence against transposable elements. In animals, plants and fungi small RNAs guide Argonaute proteins to nascent RNA transcripts to induce co-transcriptional gene silencing. In animals the link between small RNA pathways and the transcriptional machinery remains unclear. Here we show that the Caenorhabditis elegans germline Argonaute HRDE-1 physically interacts with the conserved RNA helicase Aquarius/EMB-4. We demonstrate that the Aquarius/EMB-4 helicase activity is required to initiate small RNA-induced co-transcriptional gene silencing. HRDE-1 and Aquarius/EMB-4 are required to silence the transcription of overlapping sets of transposable elements. Surprisingly, removal of introns from a small RNA pathway target abolishes the requirement for Aquarius/EMB-4, but not HRDE-1, for gene silencing. We conclude that the Aquarius/EMB-4 helicase activity allows HRDE-1/sRNA complexes to efficiently engage nascent RNA transcripts -in competition with the general RNA processing machinery. We postulate that Aquarius/EMB-4 facilitates the surveillance of the nascent transcriptome to detect and silence transposable elements through small RNA pathways.
INTRODUCTION
Transposable elements (TEs) are a feature of almost all eukaryotic genomes, which if left unchecked present a considerable danger to genome integrity and species survival.
Therefore, organisms have evolved robust pathways to silence the expression of transposable elements and to restrict their mobility (Slotkin and Martienssen, 2007) . Among these, DNA and chromatin modification and small RNA-mediated silencing are ancient and conserved mechanisms. Small RNA pathways in eukaryotes are all related to RNA interference mechanisms (RNAi) (Fire et al., 1998) : 21-32 nucleotide (nt) small RNAs (sRNAs) are bound by Argonaute superfamily proteins, interact with target RNAs through Watson-Crick base-pairing and initiate silencing of these targets. Such sRNA-mediated silencing can be post-transcriptional on mRNAs in the cytoplasm (PTGS) or co-transcriptional on nascent transcripts in the nucleus (coTGS). The latter provides the potential to couple sRNA-mediated silencing to DNA and chromatin-based gene regulatory pathways. The mechanisms by which such sRNA-mediated silencing affects DNA methylation and/or chromatin modification remain largely unknown, particularly in animals (Holoch and Moazed, 2015; Weick and Miska, 2014) .
Most organisms have also evolved sRNA amplification systems to enhance sRNA-mediated silencing. The ancestral amplification mechanism is based on RNA-dependent RNA polymerases (RdRPs), which use target RNAs as templates to generate secondary sRNAs.
Some animals, including mammals, have lost RdRPs but have instead evolved the Ping-pong amplification system (Aravin et al., 2008; Brennecke et al., 2007) . The Ping-pong pathway amplifies Piwi-interacting RNAs (piRNAs), an animal-specific class of sRNAs, through double-stranded target RNA intermediates and Argonaute RNase activity (RNA slicing). piRNAs are named after a subfamily of Argonautes, the Piwi proteins. (Cox et al., 1998) . Piwi proteins and piRNAs act in TE silencing in the germline of many animals.
Another distinction of piRNAs is that they act in trans , where piRNAs generated from genomic clusters silence TEs throughout the genome. piRNA clusters can be thought of as a memory of TEs within the genome of an organism analogous to the guide RNA cluster/CRISPR systems of prokaryotes. Like other sRNAs, piRNAs have been shown to act through PTGS and coTGS mechanisms in nematodes, insects, fish and mice (Bagijn et al., 2012; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008; Le Thomas et al., 2013) .
EMB-4 licenses nuclear RNAiproteins known as the exon-junction complex (EJC). EJC functions in export, localisation
and translation of mRNAs. Assembly of different EJC components can determine the fate of mRNAs and EJC can be considered a regulatory hub between transcription and translation (Le Hir et al., 2016) .
Interestingly, most TEs are adapted to the host transcription and RNA processing machineries and exploit them for their own expression and mobility (Cowley and Oakey, 2013; Rebollo et al., 2012) . Furthermore, TEs have been domesticated in such a way that their regulation can contribute to gene regulation (Cowley and Oakey, 2013; Rebollo et al., 2012 ) .
Here we sought to gain further insight into coTGS mechanisms in animals. Specifically, we used a proteomic approach to identify protein interactors of the germline Argonaute HRDE-1 in C. elegans . We found that HRDE-1 interacts with components of the elongating RNA polymerase machinery including the spliceosome and the EJC. One HRDE-1 interacting factor is the conserved RNA helicase Aquarius/EMB-4, which binds introns and recruits the EJC to newly spliced transcripts. HRDE-1 and Aquarius/EMB-4 act to silence an overlapping set of TEs and TE-containing genes. The helicase activity of Aquarius/EMB-4 is required for HRDE-1/sRNA-mediated coTGS. Surprisingly, removal of introns of a coTGS target removes the requirement for Aquarius/EMB-4 in sRNA-mediated silencing. Thus Aquarius/EMB-4 activity allows HRDE-1 access to the nascent RNA transcript. In summary, Aquarius/EMB-4 enables efficient sRNA-mediated genome surveillance by licensing coTGS during pre-mRNA processing.
RESULTS

SILAC proteomics identifies protein interactors of the germline nuclear Argonaute
HRDE-1
To further our understanding of coTGS in animals and as a complement to previous genetic approaches we sought to identify proteins interacting with the nuclear Argonaute HRDE-1 by protein immunoprecipitation (IP) coupled to SILAC (Stable isotope labelling of amino acids in cell culture) proteomics (Ong et al., 2002) , using the SILAC labeling for nematodes approach (Akay et al., 2013; Fredens et al., 2011; Larance et al., 2011) (Figure 1A ). We produced whole-cell protein extracts from wild-type young adult C. elegans grown on "heavy" isotopes and hrde-1(tm1200) mutant animals grown on "light" isotopes. We chose the young adult EMB-4 licenses nuclear RNAistage as the germline is then fully developed and endogenous HRDE-1 expression is at its peak (Ashe et al., 2012) . We then immunoprecipitated a 1:1 mix of protein extracts of both genotypes using an anti-HRDE-1 antibody followed by liquid chromatography tandem-mass
spectrometry (LC/MS-MS). Based on three biological replicates LC/MS-MS identified 130
candidate HRDE-1 interacting proteins. For further analysis and to take advantage of prior proteomics data from mammals, we focused on 53 proteins with human orthologs that are also classified as being nuclear (Uhlén et al., 2015; UniProt Consortium, 2015) . We used the STRING database (Szklarczyk et al., 2015) to identify known protein complexes between these factors. 28 of these 53 proteins were connected with each other based on known interactions and the majority of the proteins represent RNA processing factors, RNA polymerase II subunits and nuclear pore complex components ( Figure 1B, Figure S1A ). In the fruitfly Drosophila melanogaster the Piwi protein has an analogous function to HRDE-1 in coTGS in the germline (Weick and Miska, 2014) . Interestingly, eight proteins identified in our HRDE-1 IPs were also found in D. melanogaster PIWI IPs. In addition, D. melanogaster orthologs of 13 of our HRDE-1 interactors are required for the regulation of transposable elements when assayed by in vivo RNAi ( Figure 1C , Table S1 ) (Czech et al., 2013; Le Thomas et al., 2013) . Overall, our SILAC based HRDE-1 proteomics identified a set of conserved proteins that might bridge sRNA pathways, RNA processing and TE silencing.
The Aquarius RNA helicase ortholog EMB-4 is nuclear, germline-enriched and interacts with HRDE-1 Of the candidate HRDE-1 protein interactors we were particularly curious about EMB-4 as its interaction with nuclear Argonaute proteins appeared to be conserved in D. melanogaster ( Figure 1C ). EMB-4 is the C. elegans ortholog of Aquarius (AQR), a large scaffolding protein that includes two RecA helicase domains ( Figure 1D ). Aquarius/EMB-4 is conserved in all eukaryotes with an intact RNAi pathway, including the fission yeast Schizosaccharomyces pombe , but not in Saccharomyces cerevisiae , which lacks RNAi (Drinnenberg et al., 2011) (Figure S1B,C). As Aquarius has a conserved role in nascent RNA processing in eukaryotes (De et al., 2015; Wahl and Lührmann, 2015) we wondered if Aquarius/EMB-4 might provide new insights into the interface between the nuclear RNAi pathway and the general RNA processing machinery. Therefore we validated the interaction between HRDE-1 and EMB-4 independently. First we generated an N-terminal epitope-tagged version of EMB-4 in vivo using CRISPR/Cas9 genome engineering (Paix et al., 2015) (Ollas tag, Figure 1D ). We then tested the interaction between HRDE-1 and EMB-4-Ollas using an anti-Ollas (Park et al., 2008) and an anti-HRDE-1 (Ashe et al., 2012) antibody through IP followed by western blotting. As shown in Figure 1E we found that EMB-4-Ollas interacts specifically with HRDE-1 in whole-cell extracts. In addition, we validated this interaction using an anti-EMB-4 antibody and a Flag-tagged version of HRDE-1 generated by MosSCI transgenesis (Frøkjaer-Jensen et al., 2008; Shirayama et al., 2012) (Figure 1D , Figure S1E ,F). Next we asked whether EMB-4 is co-expressed with HRDE-1 in vivo . We found that emb-4 mRNA was highly enriched in the germline, the embryo and early larval stages of C. elegans (Figure 2A ). Using an anti-EMB-4 antibody we observed the same for the endogenous EMB-4 protein ( Figure 2B ). Taking advantage of temperature-sensitive germline mutants of C. elegans we found that in gravid adult animals the majority of EMB-4 mRNA and protein is germline restricted (Figure 2A,B) . This is of particular interest as HRDE-1 expression is germline specific (Ashe et al., 2012) . Within the germline we find that EMB-4 is highly enriched in germline nuclei and closely associated with chromatin in the mitotic, transition and pachytene region of the germline as well as in oocytes ( Figure 2C , Figure S2 ). We conclude that EMB-4 is expressed in germline nuclei and is a bona fide HRDE-1 interacting protein.
Aquarius/EMB-4 is required for piRNA-mediated co-transcriptional gene silencing Next, we examined if, like the Argonaute HRDE-1, Aquarius/EMB-4 is required for coTGS in the germline. For this purpose, we used a piRNA sensor strain we generated previously (Bagijn et al., 2012) . The piRNA sensor ( mjIs144) is a transgene that drives the expression of a GFP histone H2B fusion protein through the germline-specific mex-5 gene promoter and is inserted as a single-copy on chromosome II. In addition, the piRNA sensor contains a 21 nt sequence perfectly complementary to the endogenous piRNA 21UR-1 ( Figure 3A ). In otherwise wild-type animals, the piRNA sensor is silenced by piRNA-mediated coTGS.
However, mutations in the piRNA or germline nuclear RNAi pathway e.g. prg-1 (Bagijn et al., 2012 ) , prde-1 (Weick et al., 2014 or hrde-1 (Ashe et al., 2012) lead to re-activation of the piRNA sensor. Taking advantage of two previously isolated alleles of emb-4 (Checchi and Kelly, 2006; Katic et al., 2006) , we tested the requirement of EMB-4 in piRNA-mediated gene silencing. We observed that two null mutants of emb-4 have de-silenced the piRNA sensor in the germline of C. elegans as indicated by GFP expression in germline nuclei, as did hrde-1 as the positive control while the piRNA sensor is silenced in otherwise wild-type animals ( Figure 3B -C, S3A). We also quantified mRNA levels of piRNA sensor expression in these mutant backgrounds, which confirmed the de-silencing in emb-4 and hrde-1 mutant backgrounds ( Figure 3C ). Finally, we carried out an analogous experiment using an independent transgene targeted by the piRNA pathway ( ccSi1504 , gift from C. Frøkjaer-Jensen). ccSi1504 is integrated on chromosome V, expressed under smu-1 promoter and utilises smu-1 introns and contains SV40 and EGL-13 nuclear localisation signals. Both emb-4 and hrde-1 mutants de-silenced the ccSi1504 transgene similar to the mjIs144 transgene ( Figure S3B ). Our results demonstrate that EMB-4 is an essential factor for piRNA-mediated coTGS in the germline.
A functional RNA helicase domain of Aquarius/EMB-4 is required to establish co-transcriptional gene silencing The molecular function of Aquarius/EMB-4 in vivo remains unknown in any organism.
However , previous studies identified Aquarius as intron binding and associated with spliceosome and exon-junction complex recruitment. In vitro experiments suggested a role for the ATPase activity of the RecA1 helicase domain of human Aquarius/AQR in RNA unwinding and spliceosomal complex assembly (De et al., 2015) . We noted that the previously isolated allele sa44 of Aquarius/EMB-4 in C. elegans is a missense mutation that induces a G884R substitution in the RecA1 helicase domain (Katic et al., 2006) . emb-4(sa44) was identified in a genetic suppressor screen and lacks the embryonic lethality associated with null mutants of emb-4 (Checchi and Kelly, 2006; Katic et al., 2006) . The G884R substitution is located within the loop region of the RecA1 helicase domain of EMB-4 ( Figure 4A ). Based on the structural alignment between human Aquarius/AQR, UPF1 and C. elegans EMB-4 ( Figure S4A-D) , G884R likely affects RNA-binding and thus helicase activity ( Figure 4A ) (Chakrabarti et al., 2011; Cheng et al., 2007; De et al., 2015) . However, emb-4(sa44) mutants have wild-type Aquarius/EMB-4 protein levels ( Figure S4E ).
Interestingly, emb-4(sa44) animals de-silence the piRNA sensor similar to emb-4(null) mutations ( Figure 4B ). We conclude that Aquarius/EMB-4 helicase activity is required for co-transcriptional gene silencing. We next asked whether Aquarius/EMB-4 is required for the establishment and/or the maintenance of co-transcriptional gene silencing. Taking advantage of the emb-4(sa44) mutants we addressed this using genetic crosses ( Figure   4C ,D). When hrde-1(tm1200);mjIs144 (piRNA sensor) animals with a de-silenced piRNA sensor are crossed to mjIs144 animals generating F1 animals heterozygous for hrde-1 , piRNA sensor silencing is restored ( Figure 4C ). However, when carrying out an analogous cross of hrde-1(tm1200);mjIs144;emb-4(sa44) and mjIs144;emb-4(sa44) animals piRNA sensor silencing is not restored ( Figure 4D ). We conclude that Aquarius/EMB-4 is required for the establishment of co-transcriptional gene silencing.
Aquarius/EMB-4 is required to silence transposable elements
Next we aimed to understand the role of Aquarius/EMB-4 on the endogenous transcriptome.
We generated total RNA and small RNA expression profiles using high-throughput sequencing of wild-type animals and hrde-1 and emb-4 mutant animals (biological triplicates, deposited at ArrayExpress under E-MTAB-4877, see Experimental Procedures). First we took advantage of the fact that total RNA sequencing contains intronic sequence reads in addition to exonic sequence reads. Considering intronic reads as a measure of nascent RNA transcription, one can therefore infer changes of transcription rate in addition to steady-state mRNA levels. Such a method was recently reported as exon-intron split analysis (EISA) ( Figure 5A ) (Gaidatzis et al., 2015) . Plotting the logarithm of the ratio of intronic reads from wild-type and mutant samples against the logarithm of the ratio of exonic reads of the same datasets one can infer the type of gene expression change between the samples; i.e. genes that vary in their transcription rate are aligned on the diagonal (yellow, Figure 5A ( emb-4 ), 34/5 ( hrde-1 )). Similarly, the piRNA sensor showed reduced transcription rates in both hrde-1 and emb-4 mutants ( Figure 5B -C, green dot). These findings are consistent with the known role of HRDE-1 in co-transcriptional gene silencing (Ashe et al., 2012; Buckley et al., 2012) . We conclude that EMB-4 similarly affects transcription rate, which is consistent with a model of EMB-4 and HRDE-1 acting together in co-transcriptional gene silencing. In addition, we conclude that EMB-4 has no major impact on pre-mRNA splicing as only a few genes showed a relative increase in intronic reads ( Figure 5C , grey dots).
Next we considered small RNA expression alongside total RNA expression to focus on the direct targets of co-transcriptional gene silencing. HRDE-1 bound sRNAs are 22G-RNAs, antisense to their target RNAs and generated by RdRPs at perinuclear foci called mutator bodies ( Figure 5D ). HRDE-1 is required for the stability and amplification of 22G-RNAs in the germline (Ashe et al., 2012; Buckley et al., 2012; Sapetschnig et al., 2015) . We therefore calculated a 22G-RNA density for HRDE-1 targets as the ratio of HRDE-1 bound 22G-RNAs in the wild type and the expression levels of their target RNAs (Gerson-Gurwitz et al., 2016;  EMB-4 licenses nuclear RNAi Sapetschnig et al., 2015) . We found that genes with high 22G-RNA density in wild-type animals, tended to be up-regulated in both hrde-1 and emb-4 mutants ( Figure 5E -F).
For further analysis we grouped all genes into bins of increasing 22G-RNA density (bins 1-5, 275-569 genes per bin) and found a number of correlating features: HRDE-1 bound 22G-RNAs are enriched in germline 22G-RNA targets and depleted from somatic 22G-RNA targets as expected ( Figure S5 ) (Gu et al., 2009a) . In addition, 22G-RNA density correlates positively with piRNA targets and targets of the WAGO-1 pathway, which is known to overlap with HRDE-1 targets ( Figure S5 ) (Lee et al., 2012) . Finally, ERGO-1, ALG-3/4 and CSR-1
Argonautes are all required for additional endogenous RNAi pathways that also produce 22G-RNAs (Claycomb et al., 2009; Conine et al., 2010; Vasale et al., 2010) . We found that HRDE-1 bound 22G-RNAs were overall depleted from ERGO-1 and ALG-3/4 targets and the density of HRDE-1 bound 22G-RNAs inversely correlated with CSR-1 targets ( Figure S5 ).
HRDE-1 bound 22G-RNAs are known to target transposable elements (Ni et al., 2014) .
Indeed, genes with the highest 22G-RNA density also had the highest TE content and showed the strongest mRNA up-regulation ( Figure 5H -I) both in hrde-1 and emb-4 mutant animals. We therefore asked if EMB-4, like HRDE-1, regulates transposable element expression. Indeed, when grouping TEs into families, we found that several DNA transposons and retro-elements are over-expressed in hrde-1 and/or emb-4 mutants ( Figure   6A ). For instance, the CER-9 LTR is strongly induced in both hrde-1 and emb-4 mutants. Altogether we conclude that HRDE-1 and Aquarius/EMB-4 act together to silence many endogenous 22G-RNA target loci, genes and transposable elements.
Aquarius/EMB-4 is specifically required to silence transcripts with introns
As Aquarius is known to bind introns and is required for RNP re-modelling during spliceosome and EJC assembly, we wondered if Aquarius/EMB-4 is specifically required to allow co-transcriptional gene silencing on nascent transcripts undergoing splicing. To test this we took advantage of the piRNA sensor, which requires HRDE-1 and EMB-4 for co-transcriptional gene silencing (Figures 3 and 5) . We previously characterized 22G-RNA populations for the piRNA sensor in detail (Sapetschnig et al., 2015) : upon initial piRNA targeting of the sensor transgene in the 3'UTR ( Figure 3A ), 22G-RNAs are generated proximal to the piRNA target site that are independent of HRDE-1 and the nuclear RNAi machinery and not sufficient for piRNA silencing. Subsequently, HRDE-1-dependent 22G-RNAs spread along the whole length of the transcript, including the gfp coding region, to induce co-transcriptional gene silencing ( Figure S7A ). We find that loss of HRDE-1 or Aquarius/EMB-4 resulted in loss of the majority of 22G-RNAs mapping to the coding region of the piRNA sensor, consistent with HRDE-1 and Aquarius/EMB-4 acting together in nuclear RNAi ( Figure S7A ). The piRNA sensor transgene ( mjIs144 ) has three synthetic introns within the gfp gene sequence. These same introns are generally used by the community to promote efficient transgene expression in C. elegans . To test if
Aquarius/EMB-4 is specifically required for co-transcriptional gene silencing of transcripts undergoing splicing we removed two of the three introns from the piRNA sensor transgene ( mjIs144 ) to generate a new single intron piRNA sensor integrated into the same chromosomal location ( mjIs588 ). We retained the single remaining intron, as an intronless transgene is unlikely to be expressed in C. elegans (Fire et al., 1990) . As expected, the single intron piRNA sensor ( mjIs588 ) was completely silenced in wild-type animals and fully de-silenced in hrde-1 mutant animals ( Figure 7A -B). In contrast, while the three-intron piRNA sensor required Aquarius/EMB-4 for silencing, the single intron piRNA sensor did not ( Figure   7A -B). Importantly, GFP expression levels of the three intron piRNA sensor and the single intron piRNA sensor were similar in hrde-1 mutants, confirming that the difference in Aquarius/EMB-4 dependence was not simply due to different transcription rates ( Figure 7B ).
Comparing 22G-RNA populations for both piRNA sensors we found that the single intron piRNA sensor accumulated 5-6 fold more 22G-RNAs compared to three-intron piRNA sensor in wild-type animals ( Figure S7B ). This is consistent with a role of Aquarius/EMB-4 alongside HRDE-1 in nuclear RNAi, including 22G-RNA stability and amplification (Sapetschnig et al., 2015) . Most endogenous C. elegans genes have, in average, four introns (Michael and Manyuan, 1999) . Indeed, we observed that gene de-silencing in both
hrde-1 and emb-4 mutants correlated with 22G-RNA depletion ( Figure S8A -B, yellow quadrant). Furthermore, the negative correlation between 22G-RNA abundance and mRNA levels is stronger when all exons of a gene are targeted by 22G-RNAs ( Figure S8A -B, red line vs gray line) when considering hrde-1 and emb-4 mutant animals.
Taken together, our results support a model where the RNA helicase Aquarius/EMB-4 is required to provide the co-transcriptional silencing complex access to nascent transcripts undergoing splicing ( Figure 7C ). We conclude that pre-mRNA processing is a natural and powerful barrier to co-transcriptional gene silencing.
DISCUSSION
Here we show that the nuclear Argonaute protein HRDE-1 interacts with spliceosomal and that are required for nuclear RNAi by a yet unknown mechanism (Guang et al., 2008 (Guang et al., , 2010 , as well as several histone methyltransferases and chromatin factors common to both nematodes and flies (Ashe et al., 2012; Shirayama et al., 2012) . Much less is known of the events preceding chromatin level changes. In C. elegans , HRDE-1 and other nuclear RNAi factors are not only required for transcriptional gene silencing but also affect the biogenesis and/or stability of the 22G-RNAs that are the effector small RNAs for nuclear gene silencing (Sapetschnig et al., 2015) . One possible explanation is that in the absence of these factors, interactions between the nuclear Argonaute HRDE-1 and its target RNAs are abolished leading to 22G-RNA destabilisation. It is known that for the miRNA pathway, such
Argonaute-target interactions are required to stabilise the associated miRNAs (Chatterjee and Grosshans, 2009; Chatterjee et al., 2011 
Intronic barriers to transcriptional gene silencing
Mammalian Aquarius binds to introns at a certain distance from the intron branch point, in a sequence independent manner (Hirose et al., 2006) . Even though the details of such interactions have not been studied in C. elegans , EMB-4 has been shown to bind nascent transcripts (Shiimori et al., 2012) . Thus, it is reasonable to hypothesise that introns can influence the function of Aquarius/EMB-4 during transcriptional gene silencing. Indeed, when
we reduced the number of introns from 3 to 1 in our piRNA sensor transgene, the absence of Aquarius/EMB-4 no longer resulted in de-silencing of the transgene showing that Aquarius/EMB-4 needs intronic sequences to function. Together with our observation that the single intron piRNA sensor accumulates several-fold more 22G-RNAs compared to three-intron piRNA sensor, we propose that introns and/or factors interacting with introns are the inhibitory signals for HRDE-1 silencing.
Transcription, introns and silencing
Our results add to the growing body of evidence implicating co-transcriptional processes in small RNA mediated gene silencing. In S. pombe small RNA mediated coTGS mechanism is required for the silencing of centromeric repeats. Several factors that interact with nascent transcripts and non-essential splicing factors are required for efficient coTGS (Bayne et al., 2008 (Bayne et al., , 2014 . In addition, factors influencing the efficiency of RNA polymerase elongation are also important in coTGS mechanism in S. pombe (Kowalik et al., 2015) . In plants, similar to our results, intron-containing transgenes are protected from nuclear RNAi pathway in comparison to the strongly silenced intronless transgenes (Christie et al., 2011) . One hypothesis is that introns or factors interacting with introns are capable of blocking the nuclear RdRPs found in yeast and plants (Dumesic and Madhani, 2013; Vermeersch et al., 2010) . In contrast, in the pathogenic yeast Cryptococcus neoformans , unspliced introns are a signal for small RNA biogenesis and silencing of genes and transposable elements 
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glp-4(bn2) ). fem-1(hc17), fog-2(q71) and glp-4(bn2) are temperature sensitive mutants and
were grown at 25℃ alongside the wild type gravid adult control).
(B) Western blot analysis of EMB-4 protein levels using anti-EMB-4 antibodies for the same conditions as in Figure 2A .
(C) Localisation of EMB-4 protein in the germline of adult animals. 
EXPERIMENTAL PROCEDURES
Genetics
C. elegans were grown under standard conditions at 20°C unless otherwise indicated. The wild-type strain was var. Bristol N2 (Brenner, 1974) . All strains used are listed in Supplementary table 2.
SILAC Proteomics
Bacterial and nematode growth conditions for SILAC experiments are previously described (Larance et al., 2011) . Heavy (R10K8) labelled wild type animals and medium (R6K4) labelled hrde-1 mutant animals were grown to young adult stage, washed 3× with M9 buffer and lysed in native lysis buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP40, Roche complete protease inhibitor cocktail) by beat beating using zirconia beads and the PreCelys instrument (6,500 rpm, 3×30 s with 30 s intervals at 4°C). The lysate was kept on ice for 30 min and centrifuged for 10 min at 16,000 rcf at 4°C to remove insoluble Protein bands of interest were excised and destained in 1 ml of 50% acetonitrile and 250 mM ammonium bicarbonate at room temperature for 45 min with shaking. The gel slice was dehydrated by incubation in 1 ml of 100% acetonitrile for 10 min at room temperature. All solution was carefully removed prior to the addition of 50 μl MS-grade trypsin (Promega) (12.5 ng/μl) in 100 mM NH4HCO3 and incubation overnight at 37°C. Peptides were extracted by the addition of 0.1 ml of 5% formic acid and incubation at 37°C for 1 hr.
Peptides were further extracted by the addition of 0.1 ml of 100% acetonitrile and incubation at 37°C for 1 hr. The gel slice was completely dehydrated by the addition of 0.5 ml of 100% acetonitrile and incubation at 37°C for 10 min. The entire supernatant was then vacuum-dried.
LC-MS/MS and analysis of spectra
Using a Thermo Fisher Scientific Ultimate 3000 RSLCnano UHPLC, 15 μl of peptides in 5%
(vol/vol) formic acid (final volume~10 μl) were injected onto an Acclaim PepMap C18 nano-trap column. After washing with 2% (vol/vol) acetonitrile, 0.1% (vol/vol) formic acid, peptides were resolved on a 50 cm × 75 μm C18 EasySpray reverse phase analytical column with integrated emitter over a gradient from 2% acetonitrile to 35% acetonitrile over 220 min with a flow rate of 200 nl/min. The peptides were ionized by electrospray ionization at +2.0 kV. Tandem mass spectrometry analysis was carried out on a Q-Exactive mass spectrometer (Thermo Fisher Scientific) using HCD fragmentation. The data-dependent acquisition method used acquired MS/MS spectra on the top 30 most abundant ions at any one point during the gradient. The RAW data produced by the mass spectrometer were analysed using the MaxQuant quantitative proteomics software package (Cox and Mann, 2008 ) (http://www.maxquant.org, version 1.3.0.5). The MaxQuant output has also been uploaded to the ProteomeXchange Consortium under the same identifier given above. This version of MaxQuant includes an integrated search engine, Andromeda. Peptide and Protein level identification were both set to a false discovery rate of 1% using a target-decoy based strategy. The database supplied to the search engine for peptide identifications was the combined C. elegans and E. coli Swissprot and Trembl databases downloaded on the 12th
July 2012. The mass tolerance was set to 7 ppm for precursor ions and MS/MS mass tolerance was set at 20 ppm. Enzyme was set to trypsin (cleavage C-terminal to lysine and arginine) with up to 2 missed cleavages. Deamidation of Asn and Gln, oxidation of Met, pyro-Glu (with peptide N-term Gln), phosphorylation of Ser/Thr/Tyr, and protein N-terminal acetylation were set as variable modifications. N-ethylmaleimide on Cys was searched as a fixed modification. The output from MaxQuant provided peptide level data as well as protein group level data. We used the protein groups as defined by the Maxquant package (Cox and Mann, 2008) .
HRDE-1 SILAC IP experimental design, statistical rationale and data analysis
Three biological replicates were performed for SILAC-IP analysis of HRDE-1 and this level of replication was chosen based upon the variance detected in previous experiments using SILAC-IP analysis (Larance et al., 2012) . To avoid disregarding low affinity binders, we used a low stringency cutoff such that a protein needed to have a H/M SILAC ratio >1 in two out of three biological replicates in our data analysis with MaxQuant to eliminate non-specific binding proteins. This yields excellent removal of environmental contaminants (keratins, trypsin, antibody, etc.) that do not incorporate stable isotopes.
HRDE-1 / EMB-4 co-immunoprecipitations and western blot analysis
For HRDE-1 immunoprecipitations, animals were harvested 24 hours post-L4 stage in 30 mM HEPES, 100 mM potassium acetate, 2 mM magnesium acetate and 10% glycerol (DROSO buffer). To lyse the animals, samples were snap-frozen in liquid nitrogen as droplets and grinded to powder. C. elegans powder was then re-suspended in DROSO buffer supplemented with 0.01% NP-40, 2 mM DTT and further lysed by bead-beating. or 50 µl of EMB-4 antibody (specificity of EMB-4 antibodies are shown in Figure S1E ) or buffer alone (no antibody control) was added to each IP sample and incubated for two hours on a rotator at 4°C. Immune complexes were recovered using 50µl of a 50% slurry of Protein-A/G agarose beads (Santa Cruz Biotechnology) and washed 6x5min at 4°C with DROSO buffer. Protein was eluted from beads and denatured by incubation in Thermofisher 2x LDS sample buffer for 10min at 70°C. Input samples were prepared from the same lysate at a concentration of 2ug/ul using Thermofisher 2xLDS sample buffer and reducing agent.
Proteins were resolved by SDS-PAGE on Criterion Precast gradient gels ( 
qRT-PCR analysis of GFP expression
cDNA is synthesised from purified and DNase treated total RNA using the SuperScript II enzyme as described in the manual. qRT-PCR reactions are performed using Applied
Biosystem Power SYBR Green Master Mix using primer sequences to amplify GFP sequence (primer 1: 5′-TCTGTCAGTGGAGAGGGTGA-3′, primer2:
5′-TTTAAACTTACCCATGGAACAGG-3′).
qRT-PCR analysis of emb-4 expression cDNA was generated from 1mg of C. elegans total RNA using random hexamers with Superscript III Reverse Transcriptase (Invitrogen). qRT-PCR was performed using Applied Biosystems SYBR Green PCR Master mix with primers for emb-4 (primer 1:
5′-TTCGTCCCCTGTTCCATATC-3′, primer 2: 5′-ATCGGCTTCTGGCCTAAAAT-3′) and for act-3 (primer 1: 5′-CCAAGAGAGGTATCCTTACCCTCAA-3′, primer 2:
5′-AAGCTCATTGTAGAAGGTGTGATGC-3′).
Western blot analysis of EMB-4 expression
Proteins were resolved by SDS-PAGE on Criterion Precast gradient gels (4-15%, Biorad). 
Immuno-staining of C. elegans gonads and embryos
Gonads and embryos were excised from gravid adult worms in 1x PBS on poly-L-lysine coated slides, frozen and cracked on dry ice for longer than 10 minutes, and fixed at -20°C
for 5 min in each of the following (15 minutes total) respectively; 100% methanol, 50% methanol/50% acetone, and 100% acetone. All sample incubations were performed in a humid chamber. Samples were washed 2x 5min with 1xPBS, then 2x 5 mins with 1xPBS / 0.1% Tween-20. Samples are then blocked for one hour in 1xPBS/0.1% Tween-20 / 3%BSA
(PBST+BSA) at room temperature, and then incubated with primary antibody (1:500) overnight at 4°C. Slides were washed 3x for 10 minutes with PBST, and then incubated for 1 hour in PBST+BSA. Secondary antibodies were from Jackson Immunoresearch and Molecular Probes. Incubations with anti-mouse secondary antibodies were performed for one hour in PBST+BSA at room temperature. Slides were washed 3x for ten minutes in PBST, 3x for 5 minutes in PBS and then incubated with DAPI (1:2500) for 10 minutes at room temperature. Finally, slides were washed in PBS 3x for 5 minutes then mounted in Vectashield (Vector Labs). All images were collected using Nikon Ti-S inverted microscope with NIS Element and AR software.
RNA sequencing
Synchronised animals were grown to young adult stage at 20°C on HB101 seeded NGM plates. Animals were harvested and washed 3X in M9 buffer. Settled animals were mixed with Trisure reagent, bead beaten as described in proteomics experiments above and total RNA was isolated by a chloroform extraction.
For total RNA sequencing, Illumina Ribozero kit was used to remove ribosomal RNA from 1 μg of total RNA prior to library preparation. RNA sequencing libraries were prepared using NEB Next Ultra library preparation kit. Small RNA sequencing performed by treating 5 μg of total RNA with Epicentre 5′ polyphosphatase to remove the 5′ triphosphate from 22G-RNAs.
After treatment, RNA is purified by phenol/chloroform extraction and 1 μg of RNA is used to prepare small RNA libraries using Illumina TruSeq small RNA library preparation kit.
Ribosomal depleted RNA and small RNA libraries are sequenced using Illumina HiSeq 1500
platform.
RNA sequence analysis
The ce10/WS220 genome fasta file was obtained from the WormBase ftp server. Sequences for the piRNA sensor transgene and the piRNA sensor transgene with one intronwere added as separate chromosomes when required. A GTF file containing annotations for genes and pseudogene for version ce10/WS220 of the C. elegans genome were downloaded from the UCSC and "Low_complexity" annotations were excluded from the analysis. Raw fastq small RNA sequencing files were processed by removing the Illumina TruSeq adaptor sequence using cutadapt v1.9, with parameters "--minimum-length 18 --discard-untrimmed -a TGGAATTCTCGGGTGCCAAGG". Raw fastq RNA sequencing files were processed by removing the NEBNext adaptor sequence using cutadapt v1.9, with parameters "-a AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC". Adaptor-trimmed small RNA sequencing reads were aligned to the ce10/WS220 C. elegans genome using STAR v2.5.1b, with parameters "--outFilterMultimapNmax 50 --winAnchorMultimapNmax 50
--outFilterMismatchNmax 0 --limitBAMsortRAM 31000000000 --alignIntronMax 1 --alignEndsType EndToEnd --outSAMtype BAM SortedByCoordinate --runThreadN 6 --outBAMsortingThreadN 6 --readFilesCommand 'gunzip -c'". Adaptor-trimmed RNA sequencing reads were aligned to the ce10/WS220 C. elegans genome using STAR v2.5.1b, with parameters "--outFilterMultimapNmax 5000 --winAnchorMultimapNmax 10000 --outFilterMismatchNmax 2 --alignEndsType EndToEnd --outSAMtype BAM Unsorted --runThreadN --readFilesCommand 'gunzip -c'". Aligned RNA sequencing reads were sorted and indexed using samtools v1.3. Counts against the annotations in the GTF files were generated with featureCounts v1.5.0-p1, with parameters "-T 6 -M --fraction". Normalised counts, variance-stabilised counts, fold change values, and adjusted p-values were obtained using DESeq2 v3.2.2, called through a custom script.
We also used exon-intron split analysis (EISA) (Gaidatzis et al., 2015) to characterize the gene expression changes detected between hrde-1 or emb-4 null and wild-type strains. Both exonic and intronic read counts were quantified using FeatureCounts (Liao et al., 2014) .
When using EISA, we processed the counts and the annotation files by following the procedures described by (Gaidatzis et al., 2015) .
We calculated the 22G-RNA density using previously published small RNA sequencing data obtained from HRDE-1 immunoprecipitations in wild type and mutant animals normalised to library size (Sapetschnig et al., 2015) . We used a cut-off of 22G-RNA reads in wild type / hrde-1 mutant control ≥ 4 for filtering out 22G-RNA reads that were unspecifically binding to anti-HRDE-1 antibody. We then used the following calculation 22G-RNA density=# of 22G-RNA reads in HRDE-1 IP of gene A / RPKM of the gene A.
We carried out exon level sRNA differential expression by filtering out genes that have zero mapped reads in all samples and normalising the samples by sample size using the Median Ratio Method (Anders and Huber, 2010) implemented in the R package DESeq2 to adjust for factors like the coverage and sampling depth. Next, we log transformed the exon read counts for each gene, performed a two-sample t-test on each exon independently and adjusted the p-values of testing results by false discovery rate using the Benjamini & Hochberg method (Benjamini and Hochberg, 1995) . We also performed an analysis of sRNA dependent gene regulation on genes with or without isoforms: We took genes that show log fold change of mRNA greater than 1 and log fold change of sRNA less than -0.6 and analysed the number of genes with annotated isoforms and number of genes with no isoforms. The isoform annotation is based on C. elegans genome release CE10 (WS220).
We used Chi-squared test to test if the above gene set has different proportion of genes with isoforms to all genes or germline specific sRNA target genes (Gu et al., 2009b) .
Transgenic animals
The mjIs588 allele was generated by removing the introns two and three from the GFP sequence in the plasmid pEM975 that is used to generate the mjIs144 allele. New plasmid is inserted on Chr II using the previously described MosSCI method (Frøkjaer-Jensen et al., 2008) into the same location as in mjIs144 allele. mjSi92 allele is generated by CRISPR tagging of endogenous emb-4 N-term with the OLLAS epitope sequence using CRISPR gRNA (5′-CAAGAAGCCGTGGTGACTCG-3′) and the repair template plasmid pEM2058 using Cas9 protein and RNA injections as described in Paix et al. (Paix et al., 2015) .
Structural alignment of AQR and EMB-4
EMB-4 structure was determined by PHYRE-2 online prediction tool. Images were generated in Pymol (The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC) and mutagenesis was performed in Chimera (Yang et al., 2012) . 
